SUMMARY
The chemotactic response of Thiobacillus ferrooxidans toward thiosulfate was observed. The traditional assay technique was modified by direct microscopic enumeration of cells which moved into the attractant solution. The optimum concentration shown by thiosulfate-grown cells, tetrathionate-grown cells as well as iron-grown cells was l0 s times the optimum concentration shown by cells grown on elemental sulfur. Iron-grown cells which lack thiosulfate-oxidizing activity showed increased accumulation at optimum concentration as compared to cells grown on elemental sulfur and other reduced sulfur compounds. This indicated the constitutive nature of chemotaxis by T. ferrooxidans toward thiosulfate.
INTRODUCTION
Bacteria are capable of sensing changes in the chemical concentration of the environment that affect the cells in moving to a more favourable locale. A spatial gradient of the attractant is responsible for this directional movement [1] . Chemotaxis toward sugars and amino acids has been observed in Escherichia coli [2, 3] , Bacillus subtilis [4] , and several other microorganisms [5] .
Thiobacillus ferrooxidans, an obligately autotrophic, acidophilic motile bacterium, oxidizes ferrous iron and a number of reduced inorganic sulfur species like thiosulfate or elemental sulfur, in the energy-yielding process [6] [7] [8] [9] . Typical habitats of this species are sulfur deposits and acid mine water which may have helped to evolve such a life process. We report here the chemotaxis toward thiosulfate of T. ferrooxidans grown on elemental sulfur, iron and other reduced inorganic sulfur species. Cells grown on elemental sulfur had the lowest threshold and optimum concentration and therefore were used to investigate the effect of time of incubation and bacterial concentration. As T. ferrooxidans does not grow rapidly on solid media the traditional chemotaxis assay technique reported by Adler [10] was modified to yield a more advantageous method.
MATERIALS AND METHODS

Bacterial strain and growth conditions
T. ferrooxidans ATCC 13728 was clonally purified on ferrous sulfate agar medium [11] . Cultures were maintained in an elemental sulfur or a ferrous sulfate medium [6] . Thiosulfate and tetrathionate medium was prepared by adding thiosulfate and tetrathionate to a concentration of 5 g/l instead of elemental sulfur. For chemotactic experiments cells were usually grown in sulfur medium on a rotary shaker at 30°C, harvested in log phase, filtered through Whatman No. 1 filter paper and centrifuged. Pellets were washed twice in chemotaxis buffer and suspended to an OD600 of 0.4 (10 7 cells ml-1) as measured in a Shimadzu UV-240 spectrophotometer. For thiosulfate, tetrathionate and iron grown ceils the above methodology was followed except the filtration step was avoided, The chemotaxis buffer contained (g/l): (NH4)2SO4, 3.0; K2HPO4, 3.0; MgSO4, 0.50; CaC12 • 2H20, 0.2; pH 3.5.
QuantitatiL~e chemotactic assay
Adler's method [10] quantifies the taxis of bacteria by viable cell count. The alternative method employed by us differs in that direct microscopic enumeration was used. A microfuge tube (1.5 ml) contained 100 /xl of the attractant solution. The capillary tubes containing the bacterial suspension were of different internal diameters. The capillaries were filled with cells at a concentration ofl07 m1-1. One end of the filled capillary was introduced into the microfuge tube and incubated at 30°C. After a definite period of incubation the ceils which had accumulated in the microfuge tube were counted in a Neubauer improved counting chamber.
Oxidation of thiosulfate
The oxidation of thiosulfate was measured by monitoring oxygen uptake of washed cell suspen- sions at 30°C using a Clark electrode. The reaction mixture contained (total volume 3.0 ml) 0.1 M /3-alanine sulfate buffer (pH 3.5); thiosulfate, 2.0 mg. The reaction was started by adding cell suspension equivalent to 300/xg of cell protein.
RESULTS
Rate of chemotaxis
In absence of thiosulfate in the chemotaxis buffer, only 0.03-0.04% of bacteria grown on elemental sulfur or other substrates left the capillary tube. When the microfuge tube contained thiosulfate, sulfur-grown cells were attracted immediately and accumulated in the microfuge. The maximum rate of taxis by sulfur-grown cells was observed within the first 5 min (Fig. 1) . When thiosulfate was present in both the capillary and the microfuge tube at equal concentration, there was no accumulation above 0.03-0.04%. Ten capillaries of a diameter of 0.5 _+ 0.02 mm were used to measure the response to 10 -5 M thiosulfate for 30 min at 30°C at the bacterial concentration of 2.4 × 105 cells/capillary. The range of exit was 9.3 × 103 to 10.9 × 103 bacteria, with a mean of 10.26 × 103. The standard deviation was 3.6% of ll the exit value. However the standard deviation calculated in the experiment without the attractant was only 0.99% of the exit value.
Effect of bacterial concentration on thiosulfate taxis at 10 5 M
The percentage chemotaxis shown by sulfurgrown cells was inversely dependent on the concentration of bacteria in the capillary. With capillaries of a diameter of 0.45 + 0.02 mm containing cell concentrations of 106, 107 and 108 ml-1, the corresponding % bacterial exit values were observed to be 9.0, 7.6 and 1.5 respectively.
Concentration-response curves
The 30-min responses of cells grown in elemental sulfur, iron, tetrathionate and thiosulfate are shown in Fig. 2 . The threshold and optimum concentration of sulfur-grown cells were 10 -7 and 10 -5 M of thiosulfate respectively ( Table 1 ). The optimum concentration of iron-, tetrathionateand thiosulfate-grown cells was as high as 10 -2 M of thiosulfate. Iron-grown cells did not respond below 10 4 M thiosulfate whereas tetrathionate-and thiosulfate-grown cells responded even at 10 6 M (Table 1) 10 -2 and 2× 10 -2 M respectively (data not shown). Iron-grown cells which lack the ability to oxidize thiosulfate [12] (Table 1) showed highest accumulation at optimum concentration as compared to other cells (Fig. 2) .
DISCUSSION
The traditional chemotaxis assay procedure was modified by taking the cells in a capillary, placing it in an attractant solution, and direct microscopic enumeration of cell taxis. The method described here demonstrates the chemotactic response of T. ferrooxidans toward thiosulfate with the ceils grown in iron or in oxidizable sulfur compounds. We observed chemotaxis of this species by Adler's procedure also (data not shown). However, although enumeration of the cells by direct microscopic count is rather troublesome for many species, microscopic count is easier for T. ferrooxidans which grows poorly on agar plates [11] .
In order for the cells to respond to a chemoeflector there should be a recognition of the attracrant by receptors or transducer proteins located in the periplasm or inner membrane [13] . Chemotaxis observed with iron-grown cells revealed that the thiosulfate itself and not any of the intermediates or products of its oxidation acts as the chemoeffector or attractant, because the irongrown cells do not oxidize thiosulfate. This suggests a constitutive nature of thiosulfate taxis. Thiosulfate chemotaxis was found over a limited range of concentrations having a threshold and optimum value as also reported for other bacteria [2, 4] . Inhibition of motility, negative chemotaxis or loss of gradient could be the factors affecting the taxis for high thiosulfate concentration [10] .
The thiosulfate-grown cells with significantly better oxygen-uptake ability in presence of thiosulfate (Table 1) showed optimum concentration 1000-times higher compared with sulfur-grown cells. This may be explained by losses of the attractant in the opening of the capillary at a much faster rate for thiosulfate-grown cells and thus an active gradient of thiosulfate could only be established at a higher concentration. The reason for a higher optimum concentration for iron-and tetrathionate-grown cells is yet to be explored in detail. On adding iron (40 ~g/ml as ferrous sulfate) to the cell suspension, thiosulfate taxis of sulfur-grown cells was inhibited and there was only 0.6% accumulation of cells at optimum concentration. It is likely that a small amount of iron present in the iron-grown cell suspension affected the taxis at a lower thiosulfate concentration.
Thiosulfate oxidase activity is found to be absent in iron-grown cells of T. ferrooxidans (ref.
14; unpublished observation). Thiosulfate taxis as observed with iron-grown cells thus indicates the chemoreception of thiosulfate to be an independent phenomenon irrespective of its metabolism. However the significance of thiosulfate chemotaxis in the biology of this bacterium should be addressed.
